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What is a PWN?
The debris of the supernova explosion of a massive star (M≳ 8 M⊙)

[NOT IN SCALE!!]

MAIN INGREDIENTS


- THE rapidly rotating neutron star 
(PULSAR)


- ejecta of the stellar explosion



THE PULSAR IS THE ENGINE

PULSAR = rotating magnet that slows down due to electromagnetic torque [Pacini 1969]

producing an outflow in the form of relativistic particles and magnetic field: the Pulsar wind
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How DO THEY LOOK? BROAD BAND NON-THERMAL SPECTRUM

The CRAB NEBULA spectrum [adapted from Atoyan & Aharonian 1996]
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relativistic particles 

+


nebular magnetic field (few ×100 μG )

relativistic particles 

+ 


local photon fields
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How DO THEY LOOK?
YOUNG SYSTEMS @ MULTI-FREQUENCY

3C58 (Chandra)

G21.5-0.9 (Chandra)

Crab Nebula (composite)

Vela Nebula (Chandra)

Kes 75 (Chandra)

Fill-centered morphology

RADIO (VLA) IR (Spitzer) Visible (Hubble)

UV (Astro-1) X-Ray (Chandra) Hard X-Ray (HEFT)

Decreasing size with energy

Morphology poorly 
resolved @ gamma-

rays

ENERGY

SIZE

Gamma-rays



Kargaltsev et al. 2017
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vPSR∼100-500 km/s

SNR

PWN

Typical ISM sound speed:

cs~10-100 km/s ~ 1/10 vPRS

Radio

X-rays Mouse PWN 

[Yusef-Zadeh & Bally 1987, 

Yusef-Zadeh & Gaensler 2005, 

Klinger et al. 2018]

How DO THEY LOOK?
OLD systems



PARTICLE leakage from old systems

HAWK

MONOGEM GEMINGA

[Abeysekara et al. 2017]

TeV Halos

Lighthouse nebula

[Pavan et al. 2016]Guitar nebula


[Cordes et al. 1993, 

Wong et al. 2003]

X-rays

MISALIGNED x-ray TAILS Other cases:

G327 [Temim et al. 2009]

J1509-5850 [Klingler et al. 2016]

J1809-1917  [Klinger et al. 2020]

B1929+10 [Kim et al. 2020]

J2030+4415 

[de Vries & Romani 2020+22]



KNOWN PWNe

Crab

Young PWNe (32?)

Bow shock PWNe (24)

PSRs from ATNF catalogue


[Olmi & Bucciantini, Dawes Review in prep.]
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known systems (firmly identified - mainly at X-rays)

~50 PWNe



the future population

EXPECTED detections at gamma-rays with CTA

~250 new 
detectionS 
expected 

distribution of synthetic sources in the Galaxy
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[CTA GPS consortium paper, in prep.]
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WHY are PWNe interesting?

GAMMA-RAY PHYSICS —>  MOST NUMEROUS EXPECTED POPULATION in the galaxy!

PULSAR PHYSICS —> ENCLOSE MOST OF THE ENERGY LOST BY THE PULSAR

Lradio ≲10-10Ėpsr Lγ ≲0.01Ėpsr LPWN >0.1Ėpsr

PLASMA physics —> extreme conditions in close and bright sources and 
acceleration in hostile environment

CR PHYSICS —> (CRAB) UNIQUE IDENTIFIED leptonic PEVATRONS in the galaxy + 
antimatter factories + particle leakage + ALSO hadronic Pevatrons ?



#1 #2 #3

Olmi & Bucciantini - Dawes review (in preparation)

the different phases of pwn evolution

MODELING PWNE



#1 #2 #3

Olmi & Bucciantini - Dawes review (in preparation)

widely studied with 
different models 
(one-zone —> 

multi-d hd, mHd sims)

the different phases of pwn evolution

MODELING PWNE



#1 #2 #3

Olmi & Bucciantini - Dawes review (in preparation)

critical

not properly 

accounted for in 
the past

the different phases of pwn evolution

MODELING PWNE



#1 #2 #3

Olmi & Bucciantini - Dawes review (in preparation)

transition (complex phase)

+ old systems (bow shocks)


the different phases of pwn evolution

MODELING PWNE



#1 #2 #3

Olmi & Bucciantini - Dawes review (in preparation)

the different phases of pwn evolution

MODELING PWNE

GAMMA 
RAYS
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evolved systems not directly 
detected at gamma-rays so far


BUT connection with 
interesting features


(teV halos + x-ray tails)



#1

young systems - free expansion phase



A rough sum up

FS

Synchrotron

bubble 


No emission (PW)


TS


TS

[Rees & Gunn 74, Kennel & Coroniti 84, Emmering & Chevalier 
87, Begelman & Li 92,de Jager & Harding 92, Atoyan & 

Aharonian 96]


SIMPLIFIED 1D modelS already predict a number 
of features:

• positon of TS  → RTS ~ RN(VN/c)1/2 ~ 0.1 pc

• Optical / X-ray spectrum

• size shrinkage with increasing energy

• wind Lorentz factor ~106

• wind magnetization ~10-3

Adapted from Kennel & Coroniti 1984  [Del Zanna & Olmi 2017]



A rough sum up

2d Mhd models reproduce the inner 
nebula + variability

[Komissarov & Lyubarsky 2003-2004, Del Zanna et al. 2004]
[B
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CRAB WISPs 

[Camus et al 2009,Olmi et al. 2014]



A rough sum up

2d Mhd models reproduce the inner 
nebula + variability

but fails in reproducing the magnetic field
B

Ptot

synthetic radio map VLA

Olmi et al. 2015

Porth et al. 2014
wrong global 
morphology

too low energy 
losses

X-ray spectrum not reproduced + 
ic overestimated [Volpi et al. 2008]



A rough sum up

3d Mhd models correctly reproduce the field 
structure:


• development of poloidal component


• high magnetic dissipation allow for σ>1


• kinking jets and variability


[Porth et al. 2013-2014]

[Olmi et al.]

3D simulations are demanding 

(num resources, time, data storage)

ONLY run for selected objects

 + limited evolution
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MIDDLE AGED SYSTEMS
PWN/SNR interaction —> REVERBERATION PHASE

#2



MIDDLE AGED SYSTEMS
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WHAT HAPPENS DURING REVERBERATION?

powerful pwn faint pwn

~no compression compression (EVEN EXTREME)

what definitely shapes the 
evolution is the balance 

between the internal (PWN) 
pressure and external (SNR) 

one

PW
N

SNR



one-zone models
[Gelfand et al. 2009 - Fang & Zhang 2010 - Tanaka & Takahara 2010 - Martin et al. 2012 -  Tanaka & Takahara 2013 - Vorster et al. 2013 - Torres 
et al. 2013-2014- 2017-2018-2019 - Gelfand et a. 2015-2017 - Bandiera et al. 2021 - Fiori et al. 2022]

equations for the evolution:

1. conservation of shell mass

2. conservation of shell momentum

3. evolution of internal energy

dM(t)

dt
= 4⇡R2⇢ej(R, t)


dR

dt
� vej(R, t)

�

<latexit sha1_base64="D9RmPPg1Sg4St/onWAoEfua2X44="></latexit>

d

dt
(M(t)v(t)) = 4⇡R2 [PPWN(t)� Pej(R, t)] +

dM(t)

dt
vej(R, t)

<latexit sha1_base64="T8M2RX/kbfSKv078LnlKS2vsnTE="></latexit>

d

dt
[4⇡R3PPWN(t)] = L0(1 + t/⌧0)

�2.5 � 4⇡
dR

dt
PPWN(t)
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ASSUMPTIONS:

(1) PWN = uniform bubble of leptons and magnetic field

(2) SHELL @ PWN BOUNDARY OF SWEPT UP MATERIAL = THIN (Rshell=RPWN)

(3) PRESSURE OUTSIDE PWN = pressure at fs in sedov solution

<latexit sha1_base64="7UtZPE90zaBfQwYzffLVtwJTVnM="></latexit>

a PSedov = 0.1592
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for more details: 

j. martin talk 


(this afternoon)



standard ONE models and the extra-compression
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t/tch

free-expansion reverberation

1D-HD

1zone

(PSNR=Sedov)

CF=MAX(RPWN)/MIN(RPWN)

0.67/0.0007~960

0.67/0.015~45

factor 20 difference!

COMPARISON OF A STANDARD ONE ZONE MODEL AND 1D HD SIMULATION
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[Bandiera et al. 2022, in preparation]

MAX(RPWN)

MIN(RPWN)

 PSNR = 0.3-1 Psedov



WHY THIS IS CRITICAL?
<latexit sha1_base64="sEdqiQNqi3RWOKtDDI8lyZQh+8Q=">AAACAHicbVA9TwJBEN3DL8QvxNJmIzGhwjti1JLExsqgkY8EkOwtA2zY+8junAm50PgHbG21sjO2lv4LC3+GvXtAoeBr5uW9mczMc0MpNNr2p5VaWl5ZXUuvZzY2t7Z3sru5mg4ixaHKAxmohss0SOFDFQVKaIQKmOdKqLvD88Sv34HSIvBvcBRC22N9X/QEZ2ik2+tOXKlfjo9M5YNxJ5u3i/YEdJE4M5Iv51qF74+HVqWT/Wp1Ax554COXTOumY4fYjplCwSWMM61IQ8j4kPWhaajPPNDteHL1mB5GmmFAQ1BUSDoR4fdEzDytR55rOj2GAz3vJeJ/XjPC3lk7Fn4YIfg8WYRCwmSR5kqYOIB2hQJEllwOVPiUM8UQQQnKODdiZPLJmDyc+e8XSa1UdE6Kx1cmmBKZIk32yQEpEIeckjK5IBVSJZwo8kieyLN1b71Yr9bbtDVlzWb2yB9Y7z/JiZo5</latexit> R

P
W

N
/R

ch

<latexit sha1_base64="KY3Z7CaP5ei6faA6lVky0plWrj8=">AAAB+nicbVC7TgJBFJ31ifhCLG0mEhMq3CVGLUlsLDGRR8ISMjtcYMLsIzN3TcjKN5jYamVnbP0C/8LCz7B3dqFQ8FQn59ybe+7xIik02vantbK6tr6xmdvKb+/s7u0XDopNHcaKQ4OHMlRtj2mQIoAGCpTQjhQw35PQ8sZXqd+6A6VFGNziJIKuz4aBGAjO0EhtPMVewkfTXqFkV+wMdJk4c1KqFd3y98eDW+8Vvtx+yGMfAuSSad1x7Ai7CVMouIRp3o01RIyP2RA6hgbMB91NsrxTehJrhiGNQFEhaSbC742E+VpPfM9M+gxHetFLxf+8ToyDy24igihGCHh6CIWE7JDmSpgigPaFAkSWJgcqAsqZYoigBGWcGzE2zeRNH87i98ukWa0455WzG1NMlcyQI0fkmJSJQy5IjVyTOmkQTiR5JE/k2bq3XqxX6202umLNdw7JH1jvP6qul/U=</latexit>

t/tch
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MAX(RPWN)

MIN(RPWN)

[Torres & Lin 2019]


MAX(RPWN)

MIN(RPWN)

x

x

APPEARANCE OF “SUPER-efficiency” for extreme 
compressive systems

IF LARGE PART OF THE POPULAtion undergo 
super-efficient phase, it might drastically 
change the SED at all wavelengths and the 

outcome of reverberation

POSSIBLE bias in population studies!



standard ONE models and the extra-compression

with physically informed pouter with pouter =Psedov
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#3

old systems - bow shock phase AND

particle leakage



escape of particles from bow shocks

[ Abeysekara et al. 2017, Lopez-Coto & Giacinti 2018, 

Lopez-Coto et al 2021]

MISALIGNED x-ray TAILS TeV Halos

compatible with synchrotron emission from 
particles with energy close to maximum 

theoretical limit (e~eφPSr) + rather intense 
local field (10-50 μG)

compatible with ICS emission from particles with 
energy close to maximum theoretical limit 
(e~eφPSr) + local field (few μG) + reduced 

diffusion coeff. (0.01 Dgal)

[Bandiera 2008]



HOW CAN PARTICLE ESCAPE?

P-
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S

P+
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EQ
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CD

[Barkov & Lyutikov 2018, Olmi & Bucciantini 2019c]

when the bs tail is not dominated by turbulence current sheets survive from injection



PARTICLES 

in the 


RECONNECTION 

POINT

VPSR

B ISM


[Barkov et al. 2019,  Bucciantini 2018, Olmi & Bucciantini 2019c]

particles confined in current sheets from injection


can escape at reconnecting regions at the magnetopause


then on the external field 

HOW CAN PARTICLE ESCAPE?



PARTICLES 

in the 


VPSR

B ISM


[Olmi & Bucciantini 2019c]

NO ESCAPE IF RL/d0 ≲ 0.1


MASSIVE ESCAPE IF RL/d0 >  0.1


1 TeV 10ns of TeV10 TeV

CONFINED

escape

IN TERMS OF ENERGY OF ESCAPING PARTICLES:

it depends on the energy (LARMOR RADIUS RL) of the particles:

RL vs d0 =
q

Ė/(4⇡c⇢ISMv2PSR) ⇠ 1016 cm

<latexit sha1_base64="GnXCBUp0cf2SyhVLYEG42ghRfzE="></latexit>

RL ><
?

HOW efficient is the process?



formation of different structures

particles 

ADVECTED

particles 

diffused

 energy

larger fraction 
escape - more 

isotropic

lower escape - 
asymmetric

ELectrons POSITRONS

view from 
back of the 

tail

charge 
separation



ELectrons POSITRONS

HIGH ENERGY (~50 TeV)

Escape DIFFUSIVELY - 
charge asymmetry 

HALO LIKE

formation of different structures



ELectrons POSITRONS

LOW energy (15 TeV)

Escape sporadically - 
strong asymmetry - 


small charge separation

tail LIKE

formation of different structures



CONCLUSIONS

YOUNG SYSTEMS

excellent modeling in multi-d


with global properties to fine details reproduced

MIDDLE AGED

Still lack of a general description 


multi-d simulations available only for few selected 
cases (e.g. kolB et al 2017) one zone models need to be 

updated

old/BOW SHOCKS

3d models available 


 theoretical modeling of escaping particles and 
formation of tails vs halos missing

?UNIQUE MODEL?


